Interpretation of neutrino oscillations based on new physics in the
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An interpretation of neutrino osillations based on a modiation of relativisti quantum eld
theory at low energies, without the need to introdue a neutrino mass, is seen to be ompatible with
all observations.
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INTRODUCTION
The now well-established observation of deit of so-
lar neutrinos, atmospheri neutrinos, and neutrinos from
reators and aelerators nds a oherent interpretation
in terms of neutrino osillations between three neutrino
avors of dierent masses [1℄. In the minimal standard
model (SM), and in ontrast with the rest of the matter
partiles, the neutrino is assumed to be a zero mass, left-
handed fermion. Therefore neutrino osillations is our
rst glimpse of physis beyond the SM.
Massive neutrinos are introdued in extensions of the
SM whih normally invoke new physis at high energies.
In partiular, one an onsider a Majorana mass term for
the neutrino, generated by a ve-dimensional operator
in the SM Lagrangian whih would be suppressed by the
inverse of a ertain high-energy sale. Another possibility
is to enlarge the eld ontent of the SM with a right-
handed neutrino, whih allows mass to be generated by
the usual Higgs mehanism. One has to aount however
for the smallness of the neutrino mass, whih is ahieved
by the see-saw mehanism [2℄, again invoking a grand-
uniation sale.
The presene of new physis at high energies has
been explored in several attempts to nd alternatives to
the standard neutrino osillation mehanism. This new
physis might inlude Lorentz and/or CPT violations.
These two low-energy symmetries are being questioned
at very high energies in the framework of quantum grav-
ity and string theory developments [3℄, and in fat simple
models with Lorentz and/or CPT violations are able to
generate neutrino osillations, even for massless neutri-
nos [4℄. Some of them are onsidered in the ontext of
the Standard Model Extension (SME) [5℄, whih is the
most general framework for studying Lorentz and CPT
violations in eetive eld theories.
However, all these alternative mehanisms involve new
energy dependenies of the osillations whih are in gen-
eral disfavored over the standard osillation mehanism
by experimental data, whih also put strong bounds on
the ontribution of new physis to this phenomenon [6℄.
This seems to indiate that our understanding of neu-
trino osillations as driven by mass dierenes between
neutrino avors is indeed orret.
In this letter we want to argue that this might not be
the ase. We will present an example of new physis to
the SM able to generate neutrino osillations and whih
is essentially dierent from previously onsidered mod-
els in one or several of the following aspets: it does not
neessarily add new elds to those present in the SM, it
may be ompletely indistinguishable from the standard
osillation mehanism in the energy ranges where the
phenomenon has been studied (for neutrinos of medium
and high energies), so that automatially satises all on-
straints whih are already fullled by the standard meh-
anism, and nally, it predits new physis in the infrared,
so that future neutrino low energy experiments ould dis-
tinguish this mehanism from the standard one.
Our example will be based on the so-alled theory of
nonommutative quantum elds, whih has reently been
proposed as an spei sheme going beyond quantum
eld theory [7, 8, 9℄. The onsequenes for neutrino osil-
lations of a simple model with modied antiommutators
for the neutrino elds, whih an be identied as an ex-
ample of a SME in the neutrino setor, has very reently
been explored in Ref. [10℄. We will see however that it
is possible to introdue a generalization of the antiom-
mutation relations of elds in a more general way than
that studied in Ref. [10℄, going beyond the eetive eld
theory framework of the SME, whih is the key to repro-
due the osillation results without the need to introdue
a neutrino mass, and with new onsequenes at infrared
energies.
NONCANONICAL FIELDS AND NEUTRINO
OSCILLATIONS
The theory of nonommutative elds was rst on-
sidered in Refs. [7, 8℄. It is an extension of the usual
anonial quantum eld theory in whih the proedure
of quantiation of a lassial eld theory is hanged in
the following way: the quantum Hamiltonian remains
the same as the lassial Hamiltonian, but the anoni-
al ommutation relations between elds are modied.
In the ase of the salar omplex eld this modiation
leads to the introdution of two new energy sales (one
infrared or low-energy sale, and another one ultravio-
let or high-energy sale), together with new observable
eets resulting from the modiation of the dispersion
relation of the elementary exitations of the elds [8℄.
2If one is far away from any of these two sales the the-
ory approahes the anonial relativisti quantum eld
theory with orretions involving Lorentz invariane vi-
olations whih an be expanded in powers of the ratios
of the infrared sale over the energy and the energy over
the ultraviolet sale. By an appropriate hoie of the two
new energy sales one an make the departures from the
relativisti theory arbitrarily small in a ertain energy
domain.
We will now explore the relevane of the extension of
relativisti quantum eld theory based on nonanonial
elds in neutrino osillations. In partiular, we will show
that it is possible to obtain osillations with the observed
experimental properties just by onsidering a modia-
tion of the antiommutators of the elds appearing in
the SM, without the need to introdue a right-handed
neutrino or a mass for this partile.








where α runs the avor indies, (α = e, µ, τ), the sim-
plest way to onsider an analog of the extension of the
anonial quantum eld theory for a omplex salar eld
proposed in Refs. [7, 8℄ is to introdue the modied an-
tiommutation relations
{νLα(x), ν†Lβ(y)} = {lLα(x), l†Lβ(y)} =
[δαβ +Aαβ ] δ
3(x− y).
(2)
A partiular hoie for the matrix Aαβ in avor spae
whih parametrizes the departure from the anonial an-
tiommutators orresponds to the new mehanism for
neutrino osillations proposed in Ref. [10℄ whih, how-
ever, is not ompatible with the energy dependene of
the experimental data.
In order to reprodue the observed properties of neu-
trino osillations [1℄ one has to go beyond this extension
and onsider an antiommutator between elds at dier-
ent points. This an be made ompatible with rotational
and translational invariane and with SU(2) × U(1)Y












The modied antiommutators of the left-handed lepton
elds that we onsider in this work are
{ΨLα(x), (ΨLβ)†(y)} = δαβ δ3(x− y)
+ Φ˜(x)Φ˜†(y)Bαβ(|x− y|),
(4)
where Bαβ are now funtions of |x − y| instead of on-
stants. Note that Eq. (4) is ompatible with gauge invari-
ane sine Φ˜(x) has the same SU(2) × U(1)Y quantum
numbers as ΨLα(x).
After introdution of spontaneous symmetry breaking
(〈ϕ0〉 = v/√2), and negleting eets oming from the
utuation of the salar eld whih surely is a good ap-
proximation for neutrino osillations, the only antiom-
mutators that are hanged are those of the neutrino elds
{νLα(x), ν†Lβ(y)} = δ3(x− y) δαβ + Cαβ(|x− y|), (5)
where




One an suspet that the new antiommutation rela-
tions Eq. (5) introdue a soure of mixing between avors
that will aet neutrino osillations. We will see in the
next Setion that this is indeed the ase.
SOLUTION OF THE FREE THEORY
In order to study the neutrino osillations indued by
the modied antiommutators of elds in the neutrino








i ν†Lα (σ ·∇) νLα
]
(7)
(where σ are the 2× 2 Pauli matries), and the antiom-
mutation relations showed in Eq. (5).






















where p = |p|, and (bi(p), d†i (p)) are the annihilation
and reation operators of three types of partiles and an-
tipartiles (expressed by subindex i) with momentum p.
We now use the following ansatz for the expression of the


















This orresponds to the assumption that the free theory
desribes a system of three types of free partiles and an-
tipartiles for eah value of the momentum, with energies
Ei(p), E¯i(p), respetively.
Now, omputing [H, νLα] by two proedures: rstly
by using Eq. (7) for the Hamiltonian and the antiom-
mutators (5), and seondly, by using the expressions (8)
3and (9), and equalling both results, one obtains the fol-
lowing simple result for the energies and the oeients
in the plane wave expansion of the eld:







where χi(p) is the two omponent spinor solution of the
equation
(σ · p)χi(p) = −p χi(p) (12)
with the normalization ondition
χi†(p)χi(p) = 2Ei(p), (13)
c˜i(p) are the three eigenvalues of C˜αβ(p), the Fourier
transform of Cαβ(|x − y|) in Eq. (5), and eiα(p) are the
omponents of the normalized eigenvetors of C˜αβ(p).
From Eq. (10), we see that the model presented here
ontains violation of Lorentz invariane, but preserves
CPT symmetry.
NEW IR PHYSICS AND NEUTRINO
OSCILLATIONS
Sine in the free theory solution there are three types
of partiles and antipartiles with dierent energies, and
a mixing of reation and annihilation operators of dier-
ent kinds of partile-antipartile in the expression of eah
eld, it is lear that the nonvanishing antiommutators of
dierent elds will produe neutrino osillations, even for
massless neutrinos. This observation was already present
in Ref. [10℄. The probability of onversion of a neutrino
of avor α produed at t = 0 to a neutrino of avor β,
deteted at time t, an be diretly read from the propa-
gator of the neutrino eld (8). This probability an be
written as











This is the standard result for the osillation between
three states with the unitary mixing matrix elements U iα
replaed by the oeients eiα(p) of the plane wave ex-
pansion of the nonanonial neutrino elds and the en-
ergy of a relativisti partile
√
p2 +m2i replaed by the
energy Ei(p) of the partile reated by the nonanonial
neutrino elds.
Let us now make the assumption that the modia-
tion of the antiommutators is a footprint of new physis
at low energies, parametrized by an infrared sale λ.
Although the introdution of orretions to a quantum
eld theory parametrized by a low-energy sale has not
been so well explored in the literature as the orretions
produed by ultraviolet utos, there are several phe-
nomenologial and theoretial reasons that have reently
lead to think on the neessity to inorporate a new IR
sale to our theories [11, 12, 13, 14℄.
If the modiations of the antiommutation relations
are parametrized by an infrared sale λ then it is rea-



















But in this approximation, the desription of neu-
trino osillations produed by the new physis is om-
pletely undistinguishable from the onventional desrip-
tion based on mass dierenes (∆m2ij) with a mixing ma-
trix (U iα) between avor and mass eigenstates, just by
making the orrespondene
∆m2ij = 2 (c˜
(1)
i − c˜(1)j )λ2, U iα = ei(1)α . (17)
One should note that when λ 6= 0 the dierent ener-
gies for dierent states selet a basis in the Fok spae
and the mixing of Fok spae operators in the fermioni
elds is unavoidable. It is only when one onsiders the
energy splitting of the dierent partiles that one has a
physial onsequene of the mixing of dierent reation-
annihilation Fok spae operators in eah fermioni eld.
On the other hand, in the ase λ = 0 (orresponding to
unmodied antiommutation relations) there is an arbi-
trariness in the onstrution of the Fok spae. One ould
make use of this arbitrariness to hoose a basis suh that
eah fermioni eld ontains only one annihilation and
one reation operator (whih is equivalent to saying that
the eiα(p) are indeed the δαi) and therefore no osillation
phenomenon is produed.
CONCLUSIONS
We have seen in the previous Setion that the obser-
vations of neutrino osillations are ompatible with their
interpretation as a footprint of new physis in the in-
frared. As far as we are aware, this is the rst time
that an interpretation of neutrino osillations oming
from new physis, without the need to introdue neutrino
masses, and ompatible with all experimental results, is
presented.
This is ahieved beause of the indistinguishability of
the new mehanism from the onventional one in the
4range of momenta p2 ≫ λ2. In order to reveal the origin
of the osillations it is neessary to go beyond the ap-
proximation Eq. (15), whih requires the exploration of
the region of small momenta (p2 ≈ λ2). To get this re-
sult it has been ruial to introdue a new infrared sale
through a nonloal modiation of the antiommutation
relations of the neutrino eld. Gauge invariane forbids a
similar nonloal modiation for the remaining elds due
to the hoie of quantum numbers for the fermion elds
in the standard model. In fat the possibility to have the
modied antiommutators (5) for the neutrino elds is
related to the absene of the right-handed neutrino eld.
The model of nonanonial elds presented in this work
has to be onsidered only as an example of the general
idea that new infrared physis may be present in, or
be (partially) responsible of, neutrino osillations, and
that the onventional interpretation may be inomplete.
In fat an extension of relativisti quantum eld theory
based on the modiation of anonial antiommutation
relations of elds might not be onsistent. We have not
examined the assoiated problems of unitarity or ausal-
ity beyond the free theory. But it seems plausible that
the onsequenes that we have obtained in the neutrino
setor will be valid beyond this spei framework.
In onlusion, in this work we have shown that the ex-
perimentally observed properties of neutrino osillations
do not neessarily imply the existene of neutrino masses.
In fat, future experiments attempting to determine the
neutrino mass, suh as KATRIN [15℄, may oer a window
to the identiation of new physis beyond relativisti
quantum eld theory in the IR. At this level it is diult
to predit spei observational eets due to the lak
of riteria to selet a hoie for C˜αβ(p) in this spei
model. A simple example, however, would be the pres-
ene of negative eigenvalues of this matrix, whih ould
be reeted in an apparent negative mass squared for
the neutrino (see Eq. (16)) in the ts from the tail of
the tritium spetrum. Eets on osmology ould also
be possible, again depending on the exat modiation
of the neutrino dispersion relation in the infrared. All we
an say is that if the origin of neutrino osillations is due
to new physis in the infrared then experiments trying to
determine the absolute values of neutrino masses and/or
osmologial observations might have a reetion of the
generalized energy-momentum relation Eq. (10) for neu-
trinos.
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